This study explores the potential for synchronous extraction of Cu, Cr, Ni and Zn during sewage sludge bioleaching processes, using three types of bacterial cultures: a pure culture of Acidithiobacillus ferrooxidans (A. ferrooxidans); a pure culture of Acidithiobacillus thiooxidans (A. thiooxidans); and a mixed culture of A. ferrooxidans and A. thiooxidans. Variable operating parameters included initial pH, solids concentration, sulfur concentration and ferrous iron concentration, with optimization via Box-Behnken design of response surface methodology. Results
INTRODUCTION
The treatment of wastewater generates large quantities of sewage sludge, consisting of the by-products of wastewater treatment processes. Sludge contains high concentrations of N, P, K, organic matter, humus and other nutrients, allowing its application as an agricultural fertilizer and soil conditioner (Seleiman et al. ; Pathak et al. ) . At present, land application has been regarded as one of the most effective methods of sludge disposal (Pathak et al. a; Dassanayake et al. ; Liu et al. ) , however, the existence of heavy metals and other toxic substances are barriers to direct utilization of sludge as a resource (Gao et al. ; Shi et al. ) .
Various chemicals such as Fe 2 (SO 4 ) 3 , FeCl 3 , chelating agents, organic and inorganic acids, have been applied to remove heavy metals from sludge (Pathak et al. a; Rosal et al. ; Ren et al. ) . However, these chemical processes have many disadvantages, such as high costs, high energy requirements and the potential for generating secondary environmental pollution (Kumar & Nagendran ; Pathak et al. a) , among others. Recently, bioleaching has been proven to be an effective approach for the extraction of heavy metals from sewage sludge (Wen et al. ; Pathak et al. ; Shi et al. ) . The bioleaching method has received considerable research attention due to its various advantages, such as its low levels of acid consumption, cost-effective bio-additive requirements, high removal rates and low environmental impact (Zhang et al. ; Zhou et al. ) .
The most extensively used bacteria in bioleaching systems are Acidithiobacillus species, such as Acidithiobacillus thiooxidans (A. thiooxidans), Acidithiobacillus ferrooxidans (A. ferrooxidans) and Thiobacillus thioparus (Bharadwaj & Ting ; Wen et al. ; Shi et al. ) . Previous studies on the bioleaching of sludge have mainly focused on the removal of heavy metals using pure cultures, with few studies assessing the impacts of co-inoculation (Pathak et al. a) . In general, the removal of heavy metals from solid waste is achieved either directly using acidophilic bacteria, or indirectly using the products of metabolism (Pathak et al. a) .
The effectiveness of bioleaching processes are affected by many physical, chemical and biological factors, such as initial pH, solid content, substrate concentration, reaction time and the inoculum applied (Wang et al. ; Chen & Pan ; Kim et al. ; Wen et al. ) . These parameters play important roles in the bioleaching process, where small changes in conditions can critically affect heavy metal solubilization. There are many studies regarding the optimization of bioleaching processes for the removal of heavy metals from sludge, soil, sediments and mine ore using Acidithiobacillus species (Tichy et al. ; Wong & Gu ; Wen et al. ; Rastegar et al. ) , but these studies rarely focus on the relationship between operating parameters. Only a few reports exist on the optimization of effective parameters and their interactions, for maximum solubilization of heavy metals from sewage sludge in bioleaching process using the mixed cultures of A. ferrooxidans and A. thiooxidans.
The mathematical and statistical 'response surface methodology' method is a useful experimental design tool, which has been widely applied to optimize operating parameters and establish the relationship between parameters and response values (Aziz et al. ; Arshadi & Mousavi ) . The Box-Behnken design is a type of response surface methodology, where each numeric factor is varied over three levels using a quadratic polynomial expression. This method was used to evaluate the effects of all parameters and identify the interactions between variables, allowing optimization of responses according to the influence of the independent variables (Bajestani et al. ) .
Optimization of the bioleaching parameters (initial pH, solids concentration, sulfur concentration and ferrous iron concentration) is important to enhance the removal of contaminating heavy metals from sewage sludge using mixed culture bioleaching. The aim of this study was to evaluate the effects of initial pH, solids concentration, sulfur concentration and ferrous iron concentration and their interactions on bioleaching processes, using a mixed culture of A. ferrooxidans and A. thiooxidans as the inoculum. Statistical analysis using the Box-Behnken design of response surface methodology and bioleaching kinetics were also assessed under optimal conditions using a shrinking core model.
METHODS

Sludge sample
Sludge was taken from the recirculation loop of a Municipal Wastewater Treatment Plant in Guangzhou (China), with the characteristics of sewage sludge outlined in Table 1 . Sludge was stored at 4 C to ensure the physicochemical properties remained stable. Standard methods were used to measure total suspended solids (TSS), volatile suspended solids (VSS) and soluble chemical oxygen demand (SCOD) (Dai et al. ) . Total metal concentrations were analyzed using an atomic absorption spectrophotometer (AAS; Z-2000, Hitachi), following microwave digestion in an HNO 3 -HF (5: 1, v v À1 ) solution.
Microorganisms and media
Iron-oxidizing bacteria (IOB) were isolated using 9 K medium (Ye et al. ), while sulfur-oxidizing bacteria (SOB) were isolated using Waksman liquid medium (Wen et al. ) . SOB and IOB were identified by sequencing using the 16 s rDNA gene sequencing method, with SOB identified as A. thiooxidans (accession number DQ 834372) and IOB identified as A. ferrooxidans (accession number CP001219). 100 mL medium was added to a 250 mL Erlenmeyer flask and was inoculated with A. ferrooxidans or A. thiooxidans, or both. Flasks were incubated at 28 C and 180 rpm for 4-5 days, until cell density reached approximately 10 9 cells mL À1 .
Bioleaching procedures
Three bioleaching bacterial cultures were compared: a pure culture of A. thiooxidans, a pure culture of A. ferrooxidans Cultures were used to extract the heavy metals (Cu, Cr, Ni and Zn) from sewage sludge, for the determination of optimal bioleaching system conditions. Inoculations were performed into bioleaching media with A. thiooxidans at 10% (v v À1 ), A. ferrooxidans at 10% (v v À1 ), or the mixed culture (A. thiooxidans, and A. ferrooxidans at 5% for each (v v À1 )), resulting in three leaching systems containing 12.0 g L À1 elemental sulfur, 12.0 g L À1 ferrous iron or 12.0 g L À1 mixed nutrient sources (sulfur: ferrous iron, 1:1 by weight), respectively. Fresh sewage sludge (150 mL) was added to each 250 mL Erlenmeyer flask, with flasks then shaken at 28 C and 180 rpm. Subsequently, optimization experiments were performed with 10% (v v À1 ) inoculum, where 5% A. ferrooxidans and 5% A. thiooxidans, were added to flasks as the mixed culture. The leaching systems were performed using varying concentrations of solids (w v À1 ) in the range of 3-7%. The pH of the solution was adjusted from 2.0 to 6.0 using 5.0 mol L À1 H 2 SO 4 solution. Elemental sulfur and ferrous iron were added as nutrient sources with varying concentrations of sulfur ranging from 2.0 to 10.0 g L À1 and of ferrous iron ranging from 2.0 to 10.0 g L À1 . Flasks were shaken at 28 C and 180 rpm for 14 days, with all treatments performed in triplicate and water lost through evaporation replenished with distilled water daily.
Design of experiment for response surface methodology
The independent variables: initial pH, solids concentration, sulfur concentration and ferrous iron concentration, were optimized for the bioleaching process using the minimum number of experiments required by the Box-Behnken and response surface methodologies. Table 2 shows the range of assigned variables, with each parameter varied over three different levels for comparison. In total, 28 experimental runs were generated using Design-Expert 8.0.5b software (Stat-Ease, Inc., Minneapolis, MN, USA), including 16 full factorial experiments, eight star points and four center points. The general form for the quadratic equation model was applied as outlined in Equation (1) as follows:
where Y is the response variable (metal solubilization efficiency); A 0 , A i , A ii and A ij represent the model parameters; and Xi and Xj represent operating parameters. Statistical analysis was performed using analysis of variance (ANOVA). The optimum conditions were established by analyzing the response surfaces or contour plots and based on regression equations. In addition, a validation experiment was subsequently conducted under the optimal conditions predicted by the models, confirming the scope of predicted values.
Analytical methods
During bioleaching experiments, pH and oxidation-reduction potential (ORP) were measured using a portable pH/ORP measuring instrument (PHS-3 C, INESA Instrument). Sludge samples (10 mL) were collected from each flask and centrifuged at 8,700 rpm for 15 min, then filtered using a 0.45 μm membrane. The total ferrous and ferrous iron concentrations were determined using the ferrozine method (Nguyen et al. ) , with the ferric iron concentration established as the difference between total ferrous and ferrous iron concentrations. Sulfate (SO 4 2À ) was determined using spectrophotometry (Kolmert et al. ) . The number of bacteria in the liquid phase were measured using an improved Neubauer counting chamber and phase contrast microscopy (CX41, Olympus) (Rastegar et al. ) . The concentrations of Cu, Cr, Ni and Zn were determined by flame AAS.
RESULTS AND DISCUSSION
Bioleaching of heavy metals from sewage sludge by different types of bacteria cultures
Variations in pH and ORP in the leaching solution were assessed during bioleaching by the test cultures: A. ferrooxidans, A. thiooxidans and a mixed culture of A. ferrooxidans and A. thiooxidans (Figure 1 (a) and 1(b)). Test culture bioleaching efficiencies were compared to the control, which contained both nutrient sources and inoculum showed decrease in pH more rapidly than that which contained no inoculum or nutrient sources. Furthermore, ORP has also been established as a key factor during the bioleaching process, with ORP in leaching solutions from the A. ferrooxidans culture and mixed culture being higher than that observed in the leaching solution from the A. thiooxidans culture. Figure 2 presents the percentages of Cu, Cr, Ni and Zn solubilized in leaching solutions during the bioleaching process by the pure A. ferrooxidans culture, pure A. thiooxidans culture, or the mixed culture of A. ferrooxidans and A. thiooxidans, as compared to the control. The results show that the Cu, Cr, Ni and Zn removal capability was highest in the mixed culture of A. ferrooxidans and A. thiooxidans. This shows that both A. ferrooxidans and A. thiooxidans had a positive co-operative relationship in mixed culture, co-promoting the leaching of Cu, Cr, Ni and Zn from sewage sludge (Ishigaki et al. ; Wang et al. ) . (2)-(5) were applied as follows: Cu removal % ð Þ ¼ 78:90 À 5:31A À 2:55B þ 7:92C À 8:50D
Model fitting and confirmation experiments
Cr removal % ð Þ ¼ 44:27 À 0:36A À 7:22B þ 12:54C À 4:03D þ 0:16AB þ 8:85AC þ 4:85AD þ 3:70BC À 1:29BD À 9:93CD þ 4:10A 2 þ 2:22B 2 À 13:36C 2 À 2:88D 2 (R2 ¼ 0:995)
Ni removal % ð Þ ¼ 52:31 þ 3:85A À 7:82B þ 1:16C þ 3:77D þ 0:38AB þ 1:93AC þ 0:84AD À 3:18BC À 2:49BD À 2:59CD þ 3:55A 2 þ 5:08B 2 þ 3:70C 2 À 2:14D 2 (R2 ¼ 0:993)
Zn removal % ð Þ ¼ 79:91 À 0:31A À 5:48B þ 5:12C À 7:66D þ 2:31AB À 3:11AC þ 3:41AD þ 12:81BC
where A, B, C and D denote the initial pH, solids concentration (%), sulfur concentration (g L À1 ) and ferrous iron concentration (g L À1 ), respectively. The respective model F values were 42.92, 173.64, 130.30 and 56.17 for Cu, Cr, Ni and Zn, respectively, confirming the significance of the modelled data, with only a 0.01% chance that a 'model F-value' of this magnitude could be ascribed to noise. The R 2 values of the quadratic equations were calculated to be 0.979, 0.995, 0.993 and 0.984 for Cu, Cr, Ni and Zn, respectively, suggesting high correlations between the actual and predicted values. The P-values for Cu, Cr, Ni and Zn removal were less than 0.001, indicating that the modelled data were highly significant. In addition, P-values for the lack of fit were 0.951, 0.068, 0.074 and 0.052, respectively, showing the suitability of the models applied. The coefficients of variation (CV%) were relatively low (3.16%, 3.63%, 1.62%, and 2.35% for Cu, Cr, Ni, and Zn, respectively), significantly below the 10% cut-off for model reproducibility, showing high accuracy and reliability in the modelled data (Biswas & Bhattacharjee ) . The results of a comparison of the predicted versus actual values are shown in Figure 3 . Data fall on a straight line in the plot of the residuals, showing a normal distribution and therefore supporting the adequacy of the model.
To confirm the validity of the predicted experiment and investigate the process of bioleaching of heavy metals, additional confirmatory experiments were conducted in triplicate, testing optimal conditions (an initial of pH 2, solids concentration of 3%, sulfur concentration of 6.14 g L À1 and ferrous iron concentration of 4.55 g L À1 ). Table 5 shows that after 14 days of bioleaching the removal efficiencies were 98.54 ± 1.67%, 57.99 ± 1.57%, 60.06 ± 6.53% and 95.60 ± 1.95%, for Cu, Cr, Ni and Zn, respectively. It is of note that the predicted metal removal efficiencies according to the response surface methodology were 97.99% Cu, 60.81% Cr, 63.15% Ni and 93.76% Zn. Due to the values predicted by the model being within the 95% confidence interval, this can be considered further confirmation of the suitability of the regression model for predictive purposes (Bajestani et al. ; Niu et al. ) . These results show that the Box-Behnken design and polynomial equations applied to all experiments were both reliable and appropriate.
Interaction among factors in the bioleaching process
The bioleaching model regression coefficients for the removal of Cu, Cr, Ni and Zn are shown in Table 6 . Model analysis of variables and responses was performed, finding that both the linear and quadratic terms were significant, suggesting that a second-order polynomial model is essential to define the data. Within the line terms, the initial pH of Cr was found to be insignificant; however, within the quadratic terms, the solids concentration was insignificant together with linear terms for Cu. In addition, the initial pH, sulfur concentration and ferrous iron concentration had no significant relationships with Zn leaching. Conversely, for Ni all parameters were significant together with linear terms. Results show that at a 5% significance level, there are significant interactions for Cu between initial pH and ferrous iron concentration, as well as solids concentration and sulfur concentration; for Cr between sulfur concentration and initial pH, as well as solids concentration and ferrous iron concentration; and for Ni and Zn between ferrous iron concentration and initial pH, as well as solids concentration and sulfur concentration. Results show that the interactions of these four factors were statistically significant to the bioleaching process.
2-D CONTOUR PLOTS
The main objective of the response surface methodology was to establish the optimum variable conditions for maximum response. The best response range was obtained by analysis of 2-D contour plots, with Figure 4 showing the 2-D contour plots obtained using second-order polynomial equations. Figure 4(a) shows the effects of initial pH and solids concentration at the constant sulfur concentration of 6.0 g L À1 and ferrous iron concentration of 6.0 g L À1 , showing that in the range studied, decreasing solids concentration increased the removal efficiency. This effect was attributed to high solids concentrations inducing high buffering capacity and therefore an increased time to obtain a low pH (Xiang et al. ) . The increase in concentration of the leached metals also resulted in microbial toxicity and consequently inhibited microbial activity (Rasoulnia & Mousavi ) . Furthermore, decreasing pH to approximately 2.0 increased bacterial growth and activity, causing increased Fe 3þ production as an oxidizing agent. In contrast, when the pH was increased to above 2.5, jarosite formation and depletion of Fe 3þ may contribute to the decreased removal efficiencies observed. The highest Cu removal efficiency of over 90% was observed with an initial pH of 2.0 and solids concentration of 3%. Figure 4(b) shows the effects of varying concentrations of sulfur and ferrous iron, at an initial pH of 4.0 and solids concentration of 5%. Results suggest that a sulfur dosage increase from 5.8 g L À1 to 10.0 g L À1 and ferrous iron dosage decrease from 5.8 g L À1 to 2.0 g L À1 , result in improvement of Cu removal rates. As the dissolution process was bacterially assisted, the leaching process depends on both bacterial activity and nutrient availability. Beyond a certain ferrous iron dosage, the decrease observed in the rate of bioleaching was attributed to either decreased bacterial activities, or the formation of product layer, or both (Ahonen & Tuovinen ). In contrast, the increase in both metabolite concentration and bacterial activities may cause an increase in the amount of Cu removal found with increased sulfur dosages (Pradhan et al. ) . Overall, the highest Cu removal efficiency (over 90%) was achieved with an initial pH of 2.0, solids concentration of 3%, ferrous iron concentration 2.0 g L À1 and sulfur concentration of 10.0 g L À1 . Figure 4(g) shows the effects of varying initial pH and ferrous iron concentration on Zn removal, at a constant solids concentration (5%) and sulfur concentration (6.0 g L À1 ). It is evident that decreased initial pH and ferrous iron concentration resulted in an increase in Zn removal efficiency. Figure 4(h) shows the effect of solids concentration and sulfur concentration, with a constant initial pH (4.0) and ferrous iron concentration (6.0 g L À1 ). Results show that with a solids concentration of both 3% or 7% and sulfur concentration of 2.0 or 10 g L À1 , a relatively high level of Zn removal was achieved. However, increased sulfur addition would result in higher bioleaching system operational costs, therefore the optimal conditions were selected as a solids concentration of 3% and sulfur concentration of 2.0 g L À1 .
According to the response surface plots, the highest Zn removal efficiency (over 90%) was achieved with an initial pH of 2.0, solids concentration of 3%, ferrous iron concentration of 2.0 g L À1 and sulfur concentration of 2.0 g L À1 . Figure 4 (c)-4(f) show the relationship among initial pH, solids concentration, sulfur concentration and ferrous iron concentration on Cr and Ni. The highest level of Cr removal (over 50%) was observed with an initial pH of 2.0, solids concentration of 3%, sulfur concentration of 10.0 g L À1 , and ferrous iron concentration of 2.0 g L À1 . The optimal conditions established using Ni removal plots were close to the experimental results for Zn, Cu and Cr bioleaching.
The highest level of Ni removal (over 60%) was observed with an initial pH of 6.0, solids concentration of 3%, sulfur concentration of 10.0 g L À1 and ferrous iron concentration of 10.0 g L À1 .
Leaching kinetics
The percentage rate of leaching of different heavy metals in sewage sludge under optimal conditions, is shown in Figure 5 (a). The maximum predicted leached quantity of Cu, Cr, Ni and Zn were in close agreement with the values obtained from the confirmation experimental results.
The growth characteristics of the mixed culture of A. ferrooxidans and A. thiooxidans were assessed, under optimal conditions over the 14-day bioleaching process, is shown in Figure 5 (b). The increase in ORP observed with a reduction in pH value, indicates a substantial increase in the number of microorganisms present in the bioleaching system (Pathak et al. b) . The increase in ORP is due to the oxidation of Fe 2þ -Fe 3þ , which maybe the result of natural oxidation from air exposure, as well as biological oxidation. The rate of sulfate production is also a useful indicator during bioleaching processes. Sulfate production indicates that the bio-oxidation of elemental sulfur into sulfate, increased with increased sulfur concentration, increasing the adsorption of bacteria onto sulfur particles.
Determination of the rate controlling step
The bioleaching process involves complex heterogeneous solid-liquid reactions and it was analyzed using the shrinking core model of the fluid-particle reaction kinetics (Rastegar et al. ) . According to the models, the steps for the leaching process comprise: (1) the diffusion of reactants from a liquid boundary layer to a solid product; (2) diffusion of reactants through the solid product layer; (3) chemical reaction; (4) transfer of the resultants through the solid phase layer; and (5) diffusion of the resultants from the liquid boundary layer to solution (Rastegar et al. ; Chen et al. ) . As the bioleaching process can mainly be described using chemical reactions and diffusion, it may be assumed they are the rate-determining steps in the bio-leaching process. Due to bacterial activity, the concentration of inorganic acids changes throughout the bioleaching process. Taking the variation of protons into account, the control of diffusion (Equation (6)) and chemical reactions (Equation (7)) were described using the shrinking core models (Mishra et al. ; Amiri et al. ) :
where X B is the fraction oxidized; ρ B is the molar density of the oxide form of the metals in the solid; C A is the concentration of dissolved lixiviant A in the bulk of the solution; De is the diffusion coefficient in the porous product layer; R is the radius of the particle; a is the stoichiometric coefficient of the reagent; and Ð t 0 C A dt is considered to be a function of time, F(t). Figure 6 shows the confirmatory experiment values plotted versus Ð t 0 C A dt and t, respectively, with the lines representing Equations (6) and (7). In the kinetic model, the experiment data showed that in models where the variation of proton with time is taken into account ( Figure 6(a) , 6(c), 6(e), and 6(g)), experimental data were predicted better than in models where the proton variation with time is assumed negligible ( Figure 6 (b), 6(d), 6(f) and 6(h)). In addition, Chen et al. () reported bioleaching of waste printed circuit boards by A. ferrooxidans.
Based on the results depicted in Figure 6 , the diffusion model fitted better than the chemical reaction model, revealing that the overall dissolution kinetics were controlled by the diffusion step. This may be due to the low porosity of the sewage sludge on account of the relatively high rate of occurrence of acidolytic reactions and the structural changes caused during refining or metal deposition.
CONCLUSION
In this study, Cu, Cr, Ni and Zn were leached from sewage sludge using: a pure culture of A. ferrooxidans, a pure culture of A. thiooxidans, or a mixed culture of both. The mixed culture was the most effective bioleaching system. The Box-Behnken coupled with response surface methodology was used to optimize parameters for heavy metal extraction and identify their interactions in bioleaching processes. The optimal conditions were determined to be an initial pH of 2.0, solids concentration of 3%, sulfur concentration of 6.14 g L À1 and a ferrous iron concentration of 4.55 g L À1 , resulting in the highest level of extraction of 98.54% Cu, 57.99% Cr, 60.06% Ni and 95.60% Zn. The shrinking core model effectively simulated the kinetics of metal bioleaching, with results revealing that diffusion was the rate determining step.
